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In this issue of the Biophysical Journal,
Venkatachalam and Cohen (1) present
an innovative combination of opsin-
based optogenetic voltage control with
simultaneous imaging of green fluores-
cent protein (GFP)-based sensors. The
challenge is that the overlapping ab-
sorption spectra of GFP derivatives
and the commonly used blue-light
activated ChR2-based channelrhodop-
sins prevent photoactivation of neuron
firing without simultaneously perturb-
ing the fluorescent reporter. The authors
elegantly circumvent this overlap by
taking advantage of the color-sensitive
photoreactions of spectral intermedi-
ates of ChR2. An interesting twist is
that in the ‘‘stoplight’’ technique that
they developed, optical engineering
creatively mimics nature. Evolution
produced a mechanism using the same
principle to enable color-discrimi-
nating motility responses mediated by
the phototaxis receptor sensory rho-
dopsin I in haloarchaea.CROSSTALK HINDERS THE USE
OF OPTICAL REPORTERS WITH
OPTICAL ACTUATORS
Optically active proteins have become
widely used in two incisive ways in
neuroscience research: First, optical
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proteins is used to monitor key cell
parameters such as voltage, calcium
concentration, and secreted macro-
molecules (2,3). Second, neuronal
expression of genes encoding photoac-
tive actuators, primarily microbial
rhodopsin channels and pumps, are
used for photocontrol of membrane
voltage, thereby activating or silencing
neural activity (4). Both optical mea-
surement and optogenetic control put
the unmatched temporal and spatial
precision of light in the hands of the
experimenter.
A next step is to combine optoge-
netic activation with optical readout
of cell and tissue responses. For simul-
taneous perturbation and readout in the
same sample, optical crosstalk needs to
be minimal: the light used to trigger
the actuator should not perturb the
fluorescence of the reporter and the
light used to excite the reporter should
not trigger the actuator. Therein lies a
challenge, because the most well-
developed actuators and reporters
absorb maximally in the same region
of the spectrum. The most extensively
used optogenetic tools for light-trig-
gering action potentials in neurons
are variants of channelrhodopsin-2
(ChR2), an algal phototaxis receptor
that uses blue light to depolarize the
plasma membrane (5) and acts as a
blue light-gated cation channel when
expressed in animal cells (6). The
most common reporters for optical
readout are GFP-based proteins that
are probed with blue light.http://dx.doi.org/10.1016/j.bpj.2014.08.021MICROBIAL RHODOPSIN
PHOTOCHROMICITY PROVIDES
A SOLUTION
The stoplight technique (1) provides a
way to control ChR2 channel opening
and closing with light far to the red
of unphotolyzed ChR2 and the GFP re-
porter. How can this be accomplished?
The key is the photochromic reactivity
of microbial rhodopsins deriving from
secondary photochemistry. Microbial
rhodopsins exhibit a cyclic series ofphotochemical reactions, a photocycle
which produces spectrally distinct in-
termediates that return spontaneously
to the unphotolyzed form of the
pigment. Under continuous illumina-
tion, the slowest decaying intermedi-
ates accumulate in a photostationary
state. In general, photocycle intermedi-
ates are themselves photochemically
reactive and are photoconverted back
to the unphotolyzed form, typically
more rapidly than their thermal decay.
Therefore, the unphotolyzed pigment
and a long-lived spectral intermediate
comprise a photochromic pair each
able to be rapidly converted to the
other by light of the appropriate color.
Photochromism of ChR2 was ex-
ploited by Berndt et al. (7), who had
mutated the DC-gate, itself consisting
of two residues important for closing
the channel in the latter part of the pho-
tocycle. These mutations cause greatly
slowed thermal decay of an orange
light-absorbing photocycle intermedi-
ate with an open-channel. Because of
the photoreactivity of the open-channel
state, in such mutants the blue light
opens the channel and orange light
closes it, producing a step-function
ion current in cells alternately irradi-
ated with blue and orange light.
Venkatachalam and Cohen (1) use
step-function ChR2 mutants expressed
in HEK cells and neurons in photosta-
tionary conditions established by com-
bined continuous blue and orange
beam illumination. The blue light both
excites a GFP reporter and drives the
closed-channel ChR2 unphotolyzed
state to the red-shifted open-channel in-
termediate. The open-channel interme-
diate is driven back to the unphotolyzed
state by the orange beam, establishing a
photochromic steady state between the
closed and open-channel forms. In-
creases and decreases in the orange
beam intensity cause membrane
voltage shifts in opposite directions,
and changes in blue light intensity
have the opposite effects. Most
1490 Spudichusefully, a decreased orange intensity
causes a rapid increase in the popula-
tion of the open channel intermediate,
thereby inducing neuron firing while
allowing the blue light intensity to
remain constant for the fluorescence
imaging.
An interesting aspect of the stoplight
technique is that nature has used the
same basic strategy to enable color-
discriminating phototaxis in the
archaeal prokaryote Halobacterium
salinarum (8). The color-discrimination
is based on 1- versus 2-photon photo-
chromic reactions, as in the stoplight
technique, to control interconversions
between two conformations of a single
microbial rhodopsin, the phototaxis
receptor sensory rhodopsin I (SRI).
SRI, initially named ‘‘slow rhodopsin’’
because of the seconds-long decay of
its signaling photointermediate (a ki-
netic featuremimicked by step-function
ChR2 mutants) distinguishes long-
wavelength (orange) and short-wave-
length (near-ultraviolet (UV)/violet)
light to produce attractant and repellent
signals, respectively. The signals derive
from two photochromic conformers of
SRI (analogous to the closed-channel
and open-channel conformers of
ChR2) that are interconverted by orange
and near-UV light. SRI signals by pro-
tein-protein interaction with a trans-
ducer protein, which binds a kinase
that modulates the cell’s swimming
behavior (see Spudich et al. (9) and ref-
erences therein). In the shifting photo-
stationary state established by the
cell’s swimming in natural light gradi-
ents, a step-up in near-UV light orBiophysical Journal 107(7) 1489–1490equivalently a step-down in orange light
causes an increase in the fraction of SRI
molecules in the orange light-absorbing
conformer. This increase activates the
kinase, causing the cell’s flagellar mo-
tors to reverse the cell’s swimming di-
rection. The consequence is attraction
to long wavelength light used by the or-
ganism’s light-driven ion pumps for en-
ergy conversion and repulsion from
damaging photooxidative short-wave-
length radiation, both responses medi-
ated by the same sensory rhodopsin.
The work reported in this issue pro-
vides a further interesting chapter from
AdamCohen and co-workers in a series
of articles on elegant and imaginative
use of microbial rhodopsins for optoge-
netic measurement and optogenetic
control (see Hou et al. (10) and refer-
ences therein). Their work on the stop-
light technique is a proof-of-principle
and, as the authors point out, effective
implementation will require further
optimization. One limitation is that at
blue light intensities needed for fluores-
cence imaging, the technique using
ChR2 derivatives requires an inconve-
niently high-intensity orange light in
the photostationary state to trigger
neuron spiking when the orange light
is stepped down. However, the strategy
is general and the toolbox of new
channelrhodopsinvariants is rapidly ex-
panding. For example, a more highly
efficient channelrhodopsin with shorter
wavelength absorption, such as PsChR,
would allow use of a less intense orange
light than the stoplight. The step-func-
tion phenotype fromDC-gatemutations
is likely to be a common property ofchannelrhodopsins, so there is scope
for exploration to find better variants.
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